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Abstract: The area which transcends the Precambrian basement complex onto the Sokoto sector of the Iullemme-
den basin in northwestern Nigeria presents a unique prospect for geothermal exploration research in the absence 
of regional heat production data, despite its tectonic history and depositional characteristics. In this study, ge-
ophysical exploration employing radiometric technique was adopted to classify the petrologic units within the 
fringes of the Iullemmeden basin and the adjoining crystalline basement complex so as to estimate the radiogenic 
heat potential within the terrain that may support geothermal considerations. Airborne radiometric measure-
ments acquired over the area were digitized and processed to obtain radioelement concentration maps and the 
K/Th/U ternary map. Results show that the ranges of measured concentrations of 40K, 238U and 232Th are 4.6 to 
18.9%, 0.7 to 4.9 ppm and 4.6 to 18.9 ppm respectively. Radiogenic heat estimation derived from radioelement 
data within eight petrologic units comprising quaternary sediments, schist, carbonates, shale/clay, younger gran-
ites, older granites, gneissic rock and migmatite showed that the lowest radiogenic heat production estimates 
ranging from 0.27–0.66 µW∙m−3 were recorded in the sedimentary terrain within the quaternary sediments while 
the highest radiogenic heat production values of between 2.04 to 2.34 µW∙m−3 were recorded in the basement com-
plex within gneissic rocks. The spatial distribution of radiogenic heat in the area showed an increased heat gradi-
ent within the basement complex and a diminishing heat gradient over the Iullemmeded basin. 
Keywords: radiogenic heat, radiometry, geothermal exploration, basement complex, Iullemmeden basin, north-
western Nigeria
INTRODUCTION
Radiometric methods in geophysical prospecting 
measure naturally occurring radioactivity emit-
ted in the form of gamma rays. Gamma radia-
tion mostly originates from petrologic units con-
taining radioactive isotopes of potassium  (40K), 
thorium (232Th) and uranium (238U) (Dentith & 
Mudge 2014). Airborne gamma-ray spectrometry 
has been effectively used in geological mapping 
(Elkhadragy et al. 2016), mineral exploration 
(Darnley 1973), peat mapping (Gatis et al. 2019) 
and radiogenic heat production studies (Sabra 
et al. 2019) in recent years. Airborne surveys are 
flown on regular grid along parallel lines which 
are spaced depending on the survey application. 
Radiometry has several characteristics that make 
it unique, especially in the context of mapping 
soil types for environmental studies. The meas-
ured radioactivity emanates from the top few 
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centimeters of the earth crust and has a  limited 
ability to incorporate the signatures of deep-seat-
ed anomalies. The radiometric data are used to 
map variations in the chemical rather than physi-
cal characteristics of an area because it is possible 
to identify the elemental source of the radiation 
from the energy of the gamma-ray emitted (Den-
tith & Mudge 2014). The energy is a  conversion 
of mass through radioactive decay processes and 
a substantial amount of this energy is converted to 
radiogenic heat (Abbady 2010). The energy which 
escapes during the decay process is the kinetic 
energy exhibited by emitted particles and gam-
ma radiation. The radioactive elements of interest 
suitable in setting up a heat flow system are po-
tassium, thorium and uranium, among other el-
ements which make a much smaller contribution 
(Rybach et al. 1977, Vila et al. 2010, Adagunodo 
et al. 2019). The conversion process of measured 
radioactivity into elemental concentrations of pe-
trological surface units, involves a multi-stage re-
duction of the data to isolate or suppress responses 
of a non-geological origin. A larger content of the 
reduction process is empirical and the knowledge 
of the characteristics of radioactivity is needed to 
understand its basis, applicability and limitations.
The application of radioactivity to study some 
environmental factors related to human health, 
environmental contamination and water pollu-
tion have been performed in northwestern Nige-
ria (Girigisu et al. 2013, Ibrahim et al. 2013, Bello 
et al. 2016, Usikalu et al. 2017). However, there are 
limited studies targeted at estimating the radio-
genic heat potential of the contrasting lithotypes 
and their spatial representation in the region. The 
study area defines a zone where the Iullemmeden 
basin, which spans 700,000 km2 extending from 
Mali and the western boundary of the Republic of 
Niger through the Benin Republic into northwest-
ern Nigeria, terminates gently over the crystalline 
basement rocks of Precambrian age (Fitches et al. 
1985). The basement rocks consist of igneous and 
metamorphic rocks, whereas the Iullemmeden 
basin in its entirety is a cratonic basin of mostly 
conformable formations created by tectonic epei-
rogenic movements within cratonic rocks (Kog-
be 1979). This display of complex aggregation of 
conformable and unconformable formation over-
lap within the basin and crystalline basement 
respectively, is likely to present a unique heat flux 
system with a sizeable contribution from 40K radi-
oisotope and decay series of 232U and 238Th. Studies 
on radioactive heat generation have been widely 
published around the world targeting isolated cas-
es involving sedimentary, metamorphic or igne-
ous rocks (Rybach et al. 1977, Sharma 1994, Mukai 
1999, Salem et al. 2005, Abbady 2010, Abbady & 
Al-Ghamdi 2018), nevertheless, studies employ-
ing geophysical techniques for surface rocks in 
northwestern Nigeria is still insufficient. This pa-
per presents results on the spatial representation 
of radioactive heat production of several litho-
types within the interface of the Iullemmeden ba-
sin and crystalline basement in northwestern Ni-
geria using radiometric data.
GEOLOGICAL SETTING
The region located within the northwestern Ni-
geria, is an extensive area of regional-scale high-
grade metamorphism with an estimated area of 
1,100  km2. The area lies between latitude from 
11°30' to 12° north of Equator and longitude from 
4°30' to 5° east of Equator (Fig. 1) and is charac-
terized by hills, plateaus, and adjoining south-
ern lowlands. The petrological imprint com-
prises a wide range of sedimentary, igneous and 
metamorphic rocks ranging in age from Eocene 
(56–33.9 Ma) to Precambrian (600 ±150 Ma) (Oge-
zi 1977, Kogbe 1979, Rahaman 1988). The east-
ern part is dominated by massive quartzite over 
an extensive area towards the Funtua River flow-
ing from Katsina State. Surficial rocks which are 
well exposed in the western part include metacon-
glomerates which contain rounded deformed peb-
bles and cobbles of quartzite in a matrix of schist 
(Ramadan & Abdel Fattah 2010). The presence 
of conglomerates and deep-seated quartzite sug-
gests a littoral or continental environment which 
is consistent with its position situated around the 
eastern margin of the region containing Protero-
zoic sediments (Kogbe 1979). 
The Precambrian basement complex, which 
constitutes about 65% of the study area, has 
been extensively discussed and classified in re-
cent times (Garba 2003, Ramadan & Abdel Fat-
tah 2010, Aisabokhae 2019, Aisabokhae & Oresajo 
2019). The major rock units within the basement 
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complex include gabbroic rocks, younger gran-
ites, older granites, felsic gneiss, migmatite and 
undifferentiated metavolcanics. The progression 
of deposition from the most recent is Gamba 
Formation, Kalambaina, Formation, Dange For-
mation, Wurno Formation, Dukamaje Forma-
tion, Taloka Formation and Gundumi Formation 
(Kogbe 1979).
Structurally, the area is situated in a  highly 
strained zone with observable deformation and 
foliated country rocks which are affected by the 
brittle–ductile shear zone in the region. The pre-
vailing tectonic orientation is the NE-SW dipping 
cleavage which is mainly an isoclinal fold. Mul-
tiple successive regimes of deformation have re-
sulted in isoclinal folding and cleavage develop-
ment in the area. Other structural patterns such 
as a NW–SE sinistral conjugate systems as a result 
of Late Pan-African brittle deformation are pres-
ent (Aisabokhae 2019, Olasunkanmi et al. 2020).
Fig. 1. Geological map of the area (NGSA)
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DATA AND METHODS
The data used in this work comprised of thorium, 
uranium and potassium concentration measure-
ments of the study area within northwestern Nige-
ria. The data was acquired from Nigeria Geological 
Survey Agency (NGSA) Abuja, Nigeria which car-
ried out aero-radiometric survey of Nigeria from 
2004 to 2009. The spectrometer-mounted aircraft 
was flown at an average altitude of 81.6 m with line 
spacing and tie-line spacing set at 0.5 km  and 5 km 
respectively. The dataset of Fokku with sheet num-
ber 73 were acquired in WGS 84, UTM 32°N and 
were subsequently repositioned to UTM 31°N using 
the Geosoft Oasis Montaj software.
The gridded data was entered into Oasis Montaj, 
a geospatial software, to process each radioactive 
element. Composition imaging was performed on 
the three radioelement maps to display the unique-
ness of their relative degree of concentration. 
Sum-normalization techniques are a way to com-
bine all three-radioelement data in a bid to display 
the non-relative dominance of each element while 
the ternary image combines all three radioelement 
maps to accentuate their absolute dominance with-
in the study area. Structural parameters such as 
minimum, maximum, arithmetic mean (X), stand-
ard deviation (SD) and coefficient of variability 
(CV) of each petrological unit and formation was 
computed to serve as input for further data analysis. 
If the SD is large, then the data is more dispersed. 
Meanwhile, the CV which checked the normality 
of each rock unit was calculated using Equation (1):
CV = 100 ⋅ SD (1) 
 X
Heat is produced when converted from ener-
gy during radioactive decay. The contributions of 
the decay series of 232Th, 238U and the radioactive 
isotope 40K are of geological importance in calcu-
lating radiogenic heat production. Estimation of 
radioactive heat production of various rock units 
was calculated (A in µW∙m−3) by applying the re-
lation performed in previous studies (Beamish & 
Busby 2016, Vila et al. 2010) such that:
A = 10−5∙ρ (3.48K + 2.56Th + 9.52U) (2)
where ρ is the bulk density of the rock (Manger 
1963, Saxov & Abrahamsen 1964, Vila et al. 2010), 
232Th and 238U are measured in ppm, and 40K meas-
ured in weight percent. The spatial distribution 




In this study, several processed radioelement im-
ages have been analyzed to delineate the various 
lithological units within the area of study as well 
as to characterize petrologic constituents based on 
the radioelement dominance of surface and near 
surface rocks. Potassium, the most abundant of 
the three radioactive elements in the petrologic 
setting is an alkali element and occurs mainly in 
alkali feldspars, micas, and illite. The potassium 
concentration map (Fig. 2) shows three distinct 
levels of analyzed radioactive element.
The first level is represented by deep blue to 
light green colors and ranged from 4.66 to 6.37%. 
This low-level concentration is dominant in the 
northwestern part of the area associated with 
clastic rocks of the Kalambaina Formation. The 
second level is the intermediate level depicted in 
colors between deep green and yellow, and pre-
dominantly displayed in the northeastern part of 
the study area. This level shows potassium per-
centages from 7.31 to 8.92% and is depictive of 
younger granites, schist and carbonates. The third 
level showed high 40K concentration ranging from 
10.24 to 18.79% and is displayed in colors orange 
and pink. This level is interpretive of older gran-
ites, gneissic rocks and migmatites.
Thorium concentration map
The thorium concentration map (Fig. 3) dis-
played four levels of thorium concentrations. The 
low-level concentration recorded values from 
4.67 to 6.10 ppm and is displayed in blue and light 
green colors on the map. The low concentration 
region which dominates the northwestern axis 
coincided with quaternary sediments within the 
Gamba Formation. The second intermediate lev-
el (6.33 to 8.24 ppm) which displayed green and 
bright yellow colors was recorded over parts of 
the carbonate deposits, schist and younger gran-
ites in the northeastern part of the study area. 
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Fig. 2. Potassium concentration map
Fig. 3. Thorium concentration map
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The third level showing Th-concentration val-
ues ranging from 8.41 to 13.60 ppm encountered 
migmatite and gneissic rocks predominantly in 
the southwestern part of the study area while the 
highest level of 232Th concentration with values 
from 14.33 to 18.9 ppm coincided with gneissic 
and migmatite emplacement in Figure 1.
Uranium concentration map
The uranium concentration showed three levels 
that are distinguishable in the area (Fig. 4). The 
first level is a low level of uranium concentration 
values ranging from 0.73 to 1.47 ppm associat-
ed with clastic rocks including clays. The second 
level was recorded over some parts of the shale 
and younger granites rocks with concentration 
values between 1.97 and 2.63 ppm while the third 
level showed concentration values of between 
2.73 and 4.88 ppm primarily associated with 
some kinds of clays, older granites, migmatite 
and schists.
Absolute concentrations of radioelements
The ternary image shows the total gamma ray re-
sponse calculated from the radionuclides in the 
study area (Fig. 5). Reddish portions of the map 
are zones of potassium dominance indicating feld-
spathic enrichment. This signature is emphasized 
in the Taloka Formation where older granites are 
present. The greenish coloration depicts thori-
um dominance observable across the Wurno and 
Gundumi Formations comprising basement rocks 
in the study area. A blue coloration, observed pre-
dominantly in isolated pockets in the upper half 
of the area, showed uranium concentration depic-
tive of carbonates, clays and quaternary sediments 
within the study area.
Areas displayed in white showed high concen-
tration of all the three radioelements while the 
dark portions showed low concentration of the 
radioelements (IAEA 2003). Darkened portions 
are may depict carbonates or clay formations 
due to low radioactivity especially if chloromitic 
(Dentith & Mudge 2014). The surrounding high 
levels of uranium showing a  bluish coloration 
may be as a result of the organic matter content 
of the carbonates. Most evaporites are also poor-
ly radioactive. Similarly, coals are among the 
least radioactive sediments (Amadi 2012). Mig-
matite-granite rocks show very high concentra-
tions of uranium, thorium and potassium and 
may be sources of the whitish ternary display in 
the study area. Certain intermediate colorations 
such as purple are displayed in the ternary image 
which depicts the presence of uranium and tho-
rium and the absence of potassium. High-silica 
rocks formed during the end phases of igneous 
differentiation, such as pegmatites, have high ura-
nium and thorium concentrations compared to 
potassium (Ahmad 1998).
Geostatistics of the petrological units 
The mean and standard deviation of the measured 
radiation parameters were established under nor-
mal distribution. Hence, all statistical analyses 
were performed using parametric statistical meth-
ods (Reda et al. 2020). The results of the statistical 
parameters of the datasets categorized as mini-
mum values, maximum values, averages (arith-
metic mean), standard deviation and coefficient 
of variation are presented in Table 1. The lowest 
mean concentration of 40K given as 5.51% was re-
corded within schist domain. Schist also present-
ed the lowest mean concentration of 232Th given as 
5.67 ppm while the lowest mean concentration of 
238U given as 0.92 ppm was recorded within qua-
ternary sediments. The highest mean concentra-
tion of 40K given as 15.16% was recorded within 
gneissic rock. 232Th showed the highest mean con-
centration of 12.12 ppm within migmatite and 
gneissic rocks while the highest mean concentra-
tion of 238U given 3.25 ppm was recorded within 
migmatite emplacement. These measured values 
are similar to other ground radiometric measure-
ments obtained within Nigeria (Adagunodo et al. 
2019) and other parts of the world (Wang et al. 
2005, Norden & Forster 2006, Allan et al. 2013). 
A  high coefficient of variance (CV% > 50) was 
only observed in 238U concentration values with-
in younger granites and quaternary sediments, 
while low variance (CV% < 50) values were ob-
served in the radioelement concentrations of all 
other rock units. 
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Fig. 4. Uranium concentration map
Fig. 5. Ternary map
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Table 1
Summary of the statistical treatments of gamma ray spectrometric data for the Precambrian basement rock units of NW Nigeria









































































































































































Explanations: Min  – minimum, Max  – maximum, X  – mean, SD  – standard deviation, CV%  – coefficient of variability in %, K  – potassium, 
U – uranium, Th  – thorium.
area. The distribution of heat production over sed-
imentary rocks and crystalline basement rocks is 
given in Table 2. Calculated heat production for 
each element was performed to observe the ratio 
variability of each radioactive element towards 
the heat produced. The computed data showed 
that the sedimentary rocks generated relatively 
Radiogenic heat production
The computation of radiogenic heat production in 
each rock unit comprising carbonates, quaternary 
sediments, schist, younger granite, older granite, 
shale, migmatite and gneissic rock was performed 
to determine the variability of heat production 
among the dominant rock types within the study 
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less quantity of heat ranging between 0.27 and 
1.02 µW∙m−3 while the plutonic (basement) rocks 
composed predominantly of granite, migmatite 
and gneissic rocks presented enormously high to-
tal heat production values ranging from 1.10 to 
2.34 µW∙m−3.
For the sedimentary units, two major factors 
that may have affected the radiation measure-
ments are the nature of the source and the degree 
of maturity. A  source that is rich in radioactive 
materials will necessarily produce radioactive sed-
iments. However, a similar scenario may not oc-
cur with maturity. Some sediments may have ra-
dioelement concentration similar to their source, 
but as the sediments increasingly mature, new 
materials may be formed that may show reduced 
radioelement content. An example of this process 
is obtained in the transformation of greywack-
es into quartz (Dentith & Mudge 2014). In each 
given rock unit, the radioactive heat production 
is governed by the contribution of 40K, 232Th and 
238U as illustrated in Equation (2). The various 
rock types possess varying radioelement concen-
trations but similar geochemical behavior can be 
observed among them due to their sedimentation, 
magmatic differentiation or metamorphism phas-
es (Cermak et al. 1982). 
Results from other locations have presented 
relatively comparable values especially in crus-
tal sedimentary rocks where heat production re-
cords were given to be between 0.33–1.80 µW∙m−3 
(Salem et al. 2005) and within granitic plutons 
with heat production values ranging from 1.82 
to 4.12 µW∙m−3 (Abbady & Al-Ghamdi 2018). Plu-
tonic rocks have been presented to have relatively 
higher rates of heat production in this study. Such 
notably increased heat production may be attrib-
uted to factors such as increased content of 40K iso-
tope and degree of acidity occasioned as a result of 
increased radioactivity (Dentith & Mudge 2014).
Table 2
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Radiogenic heat distribution
The distribution map obtained from the heat pro-
duction analysis highlighted the variation in the 
levels of radiogenic heat (Fig. 6). The hotspots can 
be observed in the southeastern quadrant, espe-
cially around gneissic plutons where rock units 
showed the highest heat production values. Two 
distinct regions of heat production contrast can 
be observed in Figure 6. The areas showing low 
heat production values 0.27–1.10 µW∙m−3 are dis-
played in purple and dominantly featured in the 
northwestern axis of the study area while the ar-
eas with high heat production values ranging 
1.11–2.34 µW∙m−3 are displayed in brown with in-
creasing heat gradient extending from the NE–SW 
trending spine down to the southeastern axis of 
the study area. Both regions are demarcated by 
a NE–SW trending diagonal stretch of intermedi-
ate heat production values displayed in white and 
acting as the geologic boundary between the basin 
and the basement complex in the study area. 
Fig. 6. Interpolation map for radiogenic heat production
The results of this study show that the RHP 
of quaternary sediments varied between 0.27 
and 0.66 µW∙m−3, RHP values for schist record-
ed between 1.07 and 1.11 µW∙m−3 while carbonate 
and clay RHP values were in the range of 0.28 to 
0.77 µW∙m−3 and 0.93 to 1.02 µW∙m−3 respective-
ly. These rock units presented poor heat produc-
tion indices towards geothermal consideration in 
the area. Plutonic rocks especially granitic rocks 
are presumed to have high radiogenic heat pro-
duction capacities from several studies (Abbady 
& El-Arabi 2006, Samwell 2010, Vila et al. 2010). 
The RHP values of younger granites were between 
1.10 and 1.50 µW∙m−3 while older granites present-
ed RHP values ranging from 1.14 to 2.10 µW∙m−3. 
Gneissic rocks presented the highest RHP val-
ues in the area ranging from 2.04 to 2.34 µW∙m−3 
while migmatite showed RHP values between 1.25 
and 1.65  µW∙m−3. RHP results from other loca-
tions around the globe have shown relatively com-
parable values especially in line with geothermal 
considerations of heat producing rocks as shown 
in Table 3.
Table 3
RHP values from other published studies
S/N Lithology A [µW∙m−3] Location Reference








3 Mafic rock 0.74 Norway Slagstad 2008
4 Granitic rock 2.94 Norway
Slagstad 
2008
5 Meta-sediments 1.55 Norway
Slagstad 
2008
6 Granitoid 2.60 Australia Middleton 2006
7 Sediments 0.90 Australia Middleton 2006
The radiogenic heat production capacity of the 
petrological units in the study area have been esti-
mated between 0.27 and 2.34 µW∙m−3 (<4 µW∙m−3) 
depictive of rocks with low geothermal character. 
Based on the available large data on RHP of rocks 
around the world, rocks with RHP values less 
than 4 µW∙m−3 are considered as low heat produc-
ing units. A range of values from 4 to 8 µW∙m−3 are 
proposed for moderate heat producing rocks while 
a proposed threshold of 8 µW∙m−3 was proposed for 
high heat producing rocks (Huston 2010, Gillespie 
et al. 2013). These classifications are, however, rep-
resentative of exposed areas which show prevalent 
levels of erosion, thus volumetric insights are need-
ed to estimate the total heat contribution. 
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CONCLUSION
A regional systematic study of radiogenic activi-
ties was carried out over a basin-basement transi-
tion domain measuring an estimated 105,000 km2 
within northwestern Nigeria. The study analyz-
ed heat production rates and spectral gamma-ray 
data from the major petrologic units in the area 
across the sedimentary terrain and the plutonic 
emplacements. The result of this study showed that 
the RHP of quaternary sediments varied between 
0.27 and 0.66 µW∙m−3 while schist recorded RHP 
values between 1.07 and 1.11 µW∙m−3. Carbonate 
and clay RHP values were in the range of 0.28 to 
0.77 µW∙m−3 and 0.93 to 1.02 µW∙m−3 respectively. 
In the basement complex, RHP values of younger 
granites were between 1.10 and 1.50 µW∙m−3 while 
older granites presented RHP values ranging from 
1.14 to 2.10 µW∙m−3. Gneissic rocks showed high-
er RHP character with values in the area ranging 
from 2.04 to 2.34 µW∙m−3 while migmatite showed 
RHP values between 1.25 and 1.65 µW∙m−3. In 
comparison with the global classification adopted 
in this study, the rocks in the area show low heat 
production character towards geothermal consid-
erations. The results presented in this study show 
compelling evidence that radiogenic heat produc-
tion is determined by the dominance of 40K, 232Th 
and 238U concentrations in the area. 
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